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Viruses of the Paramyxovirinae, similar to other viruses, have evolved specific proteins that interdict IFN action as part of
a general strategy to counteract host innate immunity. In many (but not all) cases, this interdiction is accompanied by a
lowering of the intracellular levels of the STAT proteins. Among rubulaviruses, there is a notable variation in how they
interfere with IFN action. Whereas SV41, SV5, and MuV all act by lowering Stat1, hPIV2 acts by lowering Stat2. Here, we show
that the mumps and hPIV2 V proteins both form a complex with several Stat proteins in a mixed-extract assay. This suggests
that the specific degradation of these Stat proteins is not determined by complex formation, but presumably at some later
stage of the degradation pathway. V/Stat complex formation requires a specific carboxyl segment of V. However, a previously
unrecognized trp-rich motif, rather than the Zn-binding cys-cluster of this segment, appears to be required for V/Stat
interaction. The C protein of Sendai (respiro-) virus, another P gene encoded protein, also forms a complex with Stat1, anding of S
es. ©INTRODUCTION
The Paramyxovirinae are a large subfamily of impor-
tant human and animal pathogens that are currently
classified in three genera; respiro-, morbilli-, and rubula-
viruses. This classification reflects in part the genetic
organization of their P genes (Fig. 1). Paramyxovirus P
genes express not only P proteins that are essential
subunits of the viral RNA polymerase, they also express
“accessory” proteins such as C and V that are not ex-
pressed by all P genes of this subfamily. These acces-
sory proteins are not essential for virus replication in
some cell culture conditions, and they appear to act
primarily to counteract the innate defenses of host cells
(for review, see Lamb and Kolakofsky, 2001).
All viruses of the Paramyxovirinae (with the notable
exception of hPIV1) contain an mRNA-editing site at
which G residues are inserted into the P mRNA in a
programmed manner during its synthesis (Fig. 1; dotted
vertical line) (Cattaneo et al., 1989; Thomas et al., 1988;
Vidal et al., 1990). The number of G residues inserted
varies between the different viruses and appears to be
matched to the organization of their alternate ORFs. The
editing site separates each P gene into two segments,
and it generates three different mRNAs in which the
three possible ORFs downstream of the editing site (re-
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92gardless of their size) are fused to a unique upstream
ORF (Fig. 1). These mRNAs are translated into three
polypeptides with common N-terminal segments and dif-
ferent C-terminal segments, called P (polymerase cofac-
tor module), V, and W/D/I. In respiroviruses and morbil-
liviruses, additional P gene complexity is provided by the
presence of two (overlapping) ORFs upstream of the
editing site (a longer ORF that is in acidic in nature, and
a shorter basic C ORF), and only the longer ORF extends
to this site. For Sendai virus and hPIV1, the C ORF that
terminates before the editing site can also code for a
nested set of up to four polypeptides, due to the use of
four ribosomal initiation sites. For rubulaviruses, there is
but a single ORF upstream of the editing site. The P
genes of the Paramyxovirinae are thus composed of a
series of modules that are combined in various ways via
mRNA editing, or as additional modules expressed via
unusual translational initiation (Boeck et al., 1992; Curran
and Kolakofsky, 1988; Latorre et al., 1998). However, the
P protein itself is the only P gene product that is essential
for viral RNA synthesis (Curran et al., 1995; Murphy and
Parks, 1997). For SeV, C and V have negative effects on
viral RNA synthesis when this property is examined in
isolation (Curran et al., 1991, 1992). However, at least the
C proteins act in a positive manner in promoting early
steps in intracellular replication, when they are present
at low concentrations (Latorre et al., 1998).
Viruses of the Paramyxovirinae, similar to other vi-
ruses, have evolved specific proteins that interdict IFNprebinding of MuV V to Stat1 prevents the subsequent bind
be related to both the C and the V proteins of respirovirus
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signaling as part of a general strategy to counteract host
innate immunity. In many (but not all) cases, this inter-
diction is accompanied by a lowering of the intracellular
levels of the STAT proteins. This has been noted for SeV
and hPIV3, two respiroviruses (Didcock et al., 1999a;
Garcin et al., 2000, 2002), and for four rubulaviruses,
mumps virus (MuV) (Kubota et al., 2001), hPIV2 (Young et
al., 2000; Nishio et al., 2001), SV41 (Nishio et al., 2001),
and SV5 (Didcock et al., 1999). For SeV, the C proteins are
responsible for this effect, as their expression by them-
selves is sufficient to interdict IFN signaling via C/Stat
complex formation (Garcin et al., 2000; Kato et al., 2001;
Takeuchi et al., 2001). The C proteins have also been
shown to induce Stat1 ubiquitination and degradation,
but only the longer C proteins are competent for this task
(Garcin et al., 2002). The proteasome may play a role in
this degradation, as drugs such as MG132 and lactacys-
tin can prevent C-induced Stat1 instability, as well as the
ability of SeV infection to counteract the antiviral (VSV)
state. For the rubulaviruses that are thought not to en-
code C proteins (see below), it is the P gene encoded V
protein that is responsible for this action, and loss of
Stat1 is similarly prevented by MG132 and lactacystin.
These drugs also prevent the virus-induced anti-IFN ef-
fects (Didcock et al., 1999). Remarkably, respiroviruses
and rubulaviruses appear to use a different P gene
encoded protein to interdict IFN action, at least in part, by
inducing Stat degradation.
Among rubulaviruses, there is also a notable variation
in how they interfere with IFN action. Whereas SV41, SV5,
and MuV all act by lowering Stat1, hPIV2 acts by lowering
Stat2, and this difference is mirrored in how these rubu-
laviruses counteract IFN and IFN signaling (Young et
al., 2000; Nishio et al., 2001; Parisien et al., 2001). Al-
though V/Stat complex formation has not as yet been
directly demonstrated for a rubulavirus V protein, we
hoped this could be carried out by an in vitro approach
that demonstrated SeV C protein/Stat1 complex forma-
tion (Garcin et al., 2002). If so, we could then examine
where this specificity for Stat degradation was located,
by constructing chimeric V proteins consisting of the
amino-terminal and carboxyl segments of MuV and
hPIV2 proteins fused at the editing site. This article
reports that the MuV and hPIV2 V proteins both form a
complex with both Stat1 and Stat2 in vitro. This suggests
that the specific degradation of these Stat proteins is not
determined by complex formation, but presumably at
some later stage of the degradation pathway. Moreover,
MuV V protein may interact with a similar surface of Stat1
as the SeV C protein, as prebinding of V prevents the
subsequent binding of C.
RESULTS
SeV C protein/Stat1 complexes can be coimmunopre-
cipitated from infected human and murine cell extracts
(Takeuchi et al., 2001; Garcin et al., 2002). This complex
can also be formed in vitro by mixing MEF cell extracts
that are naturally rich in Stat1 with extracts of BSR T7
cells (Buchholz et al., 1999), in which the C proteins were
expressed by transfection, and which naturally contain
low levels of Stat1 and are IFN-incompetent, i.e., they do
not respond to IFN treatment (data not shown). Complex
formation in vitro is rapid, appears not to require energy,
and is specific in that a natural-point mutation in C
(F170S) responsible for the loss of anti-IFN activity also
abrogates C/Stat1 complex formation (Garcin et al.,
2002). We therefore first examined whether the MEF
extracts also contained detectable amounts of Stat2 and
Stat3 (the latter as a prospective negative control) by
Western blotting with anti-Stat1, 2, or 3. These MEFs
appear to be in a permanent antiviral state. Highly IFN-
sensitive viruses such as VSV or SeV-C (F170S) do not
FIG. 1. Schematic diagram of the modular P genes of paramyxovi-
ruses and their genetic organization. For the respiroviruses and mor-
billiviruses, the faithful transcript or unedited mRNA (top left) is trans-
lated to yield the P protein (N-assembly  polymerase cofactor mod-
ules). The addition of one G nucleotide at the editing site during mRNA
synthesis produces an mRNA that encodes the V protein (N-assembly
 V ORF). Addition of two G nucleotides at the editing site produces an
mRNA that encodes the W or D proteins (N-assembly  W/D ORF)
depending on the virus. The respiroviruses and morbilliviruses P mRNAs
also encode the C protein ORF at the 5 end of the mRNA independent of
editing status. The unedited version of the Rubulavirus “P” mRNA encodes
the V protein (C-like  V ORF). The cysteine-rich domain of the V protein
is indicated by Zn (Zn-binding domain). Addition of two G nucleotides at
the rubulavirus-editing site produces an mRNA that encodes the essential
rubulavirus P protein. The RNA editing site, at which pseudotemplated
nucleotides are added to the mRNAs, is indicated by the vertical dotted
line. STAT-BD indicates the possible presence of a Stat protein-binding
domain.
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grow in these cultures (Garcin et al., 2000), and their
supernatants contain high levels of IFN (D. Garcin, un-
published results). These MEFs might then contain ele-
vated levels of many ISGs, including several Stat pro-
teins. Lanes “none” of Fig. 2 show that these extracts
contained detectable amounts of Stat2 and Stat3 as well
as Stat1. To determine whether our antibodies were act-
ing in a specific manner, i.e., that they did not cross-
select the other Stat proteins, MEF extracts were first
precipitated with anti-Stat1, 2, or 3, and the individual
precipitates were then Western blotted with anti-Stat1, 2,
or 3. All three anti-Stat antibodies were found to precip-
itate only their cognate Stat proteins (Fig. 2). Preexisting
Stat protein complexes that may be present in the MEF
extracts (such as Stat1/Stat2 and Stat1/Stat3 het-
erodimers) are presumably below the level of detection
with this method.
The MuV V, I (or NS2), and P proteins were then
expressed by transfection in BSR T7 cells (Fig. 3, top
panel, “extract”) and their extracts were mixed with MEF
extracts. Possible complexes with Stat1, 2, or 3 were
precipitated with their respective antibodies, and these
precipitates were then Western blotted with an antibody
(T61) to the common amino-terminal segment of V, NS2,
and P. Unexpectedly, all three anti-Stat antibodies were
found to coprecipitate V, whereas NS2 and P/Stat com-
plexes were not detected. Moreover, the reciprocal pre-
cipitation of the mixed extracts with T61 followed by
Western blotting with anti-Stat1 and anti-Stat3 also
showed specific V/Stat complex formation (Fig. 3). A
similar experiment was then carried out with the hPIV2 V
and P proteins, using mAb 84-1A to the common amino-
terminal domain of hPIV2 V and P. As before, all three
anti-Stat antibodies coprecipitated the V protein, but not
the P protein (Fig. 4). Thus, both the MuV and the hPIV2
V proteins form complexes in vitro with all three Stat
proteins examined.
The carboxyl, cys-rich, Zn-binding segment of the V
proteins
The carboxyl segment of the V ORF is by far the best
conserved of the various P gene ORFs (Fig. 5A). There
are seven perfectly conserved cysteine residues, and
this domain binds two atoms of Zn2 (Liston and Briedis,
1994; Paterson, 1995). Similar to the carboxyl pol-cofactor
module of the P protein, the cys-rich V ORF is found only
as the carboxyl segment of a fusion protein; this module
is never expressed by itself. As rubulavirus P proteins
share the amino-terminal segments of their V proteins
FIG. 3. MuV V protein associates with Stat proteins in the mixed-
extract assay. Cytoplasmic extracts of MEFs were first mixed with those
of BSR T7 cells in which the MuV NS2, V, and P proteins were
expressed by transfection (see Materials and Methods), or mock-
transfected extracts as a negative control (extract, top panel, left). The
mixed extracts were then precipitated with anti-Stat1, anti-Stat2, or
anti-Stat3 as indicated, and replicate blots were probed with an anti-
peptide antiserum (T61) to the common amino-terminal region of NS2,
V, and P. Alternatively, the mixed extracts were precipitated with T61
and replicate blots were probed with anti-Stat1, anti-Stat2, or anti-Stat3
(right side). The anti-Stat2 blot did not reveal a band and is not shown.
FIG. 2. Specific detection of Stat1, 2, and 3 in MEF extracts with
antibodies. Cytoplasmic extracts of MEFs were precipitated with anti-
Stat1, anti-Stat2, or anti-Stat3, with the aid of Staph-A beads. After
washing (see Materials and Methods), the proteins remaining on the
beads were solubilized in protein sample buffer, separated by SDS–
PAGE, and transferred to a nylon membrane, and replicate blots were
probed with anti-Stat1, anti-Stat2, or anti-Stat3, as indicated. Ten per-
cent of the samples used for immunoprecipitation were separated
directly on the gel and not immunoprecipitated (lanes “none”). None
lanes indicate the relative levels of Stat proteins in the starting extract
and also serve as electrophoretic mobility markers.
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but do not prevent IFN signaling, the carboxyl segment of
the V protein is thought to be primarily responsible for
this effect (Didcock et al., 1999). To examine the impor-
tance of the Zn-binding cys cluster for MuV V protein/
Stat interaction in vitro, two pairs of closely spaced cys
residues (C20/C24 and C36/C38) were individually mutated
to ala (residues numbered from start of the expressed V
ORF, Fig. 5A). These mutant V proteins were then tested
for their interaction with either Stat1 or Stat2 by coimmu-
noprecipitation. The C20A/C24A and C36A/C38/A double
mutants consistently interacted well with both Stat1 and
2 (Fig. 5B, lanes MuV-C20A/C24A and lanes MuV-C36A/
C38A, and data not shown). Thus, either a completely
intact cys cluster is not critical for Stat1 or Stat2 interac-
tion, and/or the mixed-extract assay is particularly per-
missive for this complex formation. As the MuV NS2 and
P proteins do not associate with Stat proteins in vitro, we
further examined the specificity of this complex forma-
tion using chimeric MuV V proteins (fused at the editing
site). To examine whether any paramyxovirus carboxyl
segment will suffice for Stat1 binding, the MuV V ORF
was replaced with that of SeV (the SeV V protein does not
appear to bind Stat1; Fig. 6A). The chimeric MuV/SeV V
protein was found not to interact with Stat1, 2, or 3 (lane
SeV, Fig. 5B). MuV V/Stat interaction in vitro thus requires
a specific carboxyl segment.
The above results suggest that residues in the car-
boxyl segment other than those conserved for Zn-
binding are important for Stat interaction. The V ORF can
itself be divided into two parts; the downstream cys-rich
FIG. 4. hPIV2 V protein associates with Stat proteins in the mixed-
extract assay. A similar experiment to that shown in Fig. 3, except that
the hPIV2 V and P proteins were expressed in BSR T7 cells, and mAb
84-1A to the common region of hPIV2 V and P was employed.
FIG. 5. Interaction of mutant V proteins and Stat1, 2, and 3. The amino acid sequences of the expressed SeV, MuV, and hPIV2 V ORFs, numbered
from their beginning downstream of the editing site, are shown in A. (B) All the V proteins tested contained the MuV amino-terminal segment fused
to the wild-type V ORFs of MuV (MuV) or SeV (SeV), or their mutated V ORFs as indicated, using the numbering shown in A. The V proteins were
assayed for their ability to associate with Stat1, 2, and 3 in MEF extracts as for Fig. 3. The top “extract” panels show the amounts of the various V
proteins present in 10% of the starting BSR T7 extracts used for the immunoprecipitates (lower panels). (C) A short region of homology found in the
SeV C proteins and the amino-terminal segments of the MuV and hPIV2 V proteins. The aa are numbered from the amino-terminus. The upward arrow
indicates the critical F170 of the SeV C proteins.
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Zn-binding domain that begins with the conserved
tetrapeptide 19WCNP22 (where cys to ala double muta-
tions have little or no effect on Stat interaction) and the
region upstream that extends to the fusion site, begin-
ning with the conserved tetrapeptide 1HRRE4. Within this
upstream region, there are two trp residues that are
notable (W5 and W9); they are partially conserved, and trp
residues are normally very rare. W9 is conserved among
all rubulaviruses (and morbilliviruses), but this position is
occupied by a charged residue in the respiroviruses.
Position 5 is always occupied by an aromatic residue,
but W, Y, and H are all found here. Together
with19WCNP22, this region vaguely resembles the well-
studied WW protein domain that is notorious for protein/
protein interaction (Sudol and Hunter, 2000). WW do-
mains contain two strictly conserved trp residues that
are spaced 20–22 aa apart, and there is a highly con-
served proline that follows the downstream trp by three
residues (Freemont, 1993; Jiang et al., 2001). W9 and W19
are only 10 residues apart, but W19 is indeed followed by
P22.
To examine whether W5 and W9 of the carboxyl seg-
ment of MuV V are important for V/Stat1interaction, both
trp residues were mutated to those found at the same
location in the SeV V protein, i.e., W5 to H and W9 to E.
This MuV V(W5H/W9E) protein was found to be inactive
in Stat complex formation (lanes MuV-W5H/W9E, Fig. 5B).
Thus, in contrast to mutations of the cys cluster, mutation
of the upstream trp residues inactivated Stat interaction,
and at least one of these two trp are thus essential for
this interaction in vitro. To examine whether the absence
of these two W by themselves could possibly account for
the inability of the MuV/SeV V protein chimeras to inter-
act with Stat1 in this assay, we constructed the recipro-
cal mutant MuV/SeV (H5W/E9W). These mutations that
restore the W5/W9/19WCNP22 motif to the chimeric MuV/
SeV V protein also restore the ability of this chimera to
interact with Stat (lanes SeV-H5W/E9W, Fig. 5B). Thus, in
contrast to the conserved cys-rich Zn-binding module,
the W5/W9/19WCNP22 motif of MuV V protein appears to
be critical for Stat complex formation in vitro.
Although the available evidence indicates that the
carboxyl segment of V is primarily responsible for V/Stat
interaction, we nevertheless also examined a single res-
idue in the amino-terminal segment that could be in-
volved in this interaction. There is circumstantial evi-
dence that the amino-terminal modules of the rubulavi-
rus V proteins are related to the respirovirus C proteins;
they are all ca. 170 residues long and are basic (pI 
10.5) and there is a small region of apparent sequence
conservation that includes F170 of SeV C that is critical
for its interaction with Stat1 (Fig. 5C). However, when the
MuV V (F139S) protein was tested, this phe-to-ser muta-
tion did not abolish V interaction with Stat1 (lanes MuV-
F139S, Fig. 5B).
MuV V and SeV C proteins may interact with the
same region of Stat1
As both the MuV V proteins and the SeV C proteins
coimmunoprecipitate with Stat1 in our mixed-extract as-
say, we next determined whether this interaction was
mutually exclusive, i.e., whether these two proteins could
compete for interaction with a limiting amount of Stat1.
This experiment was carried out with GFP-C fusion pro-
teins whose binding to Stat1 is also sensitive to the
F170S mutation (Fig. 6A, top). From numerous assays,
the SeV C proteins appear to bind Stat1 as avidly as the
MuV V protein. A strong test of competitive binding was
therefore to determine whether the MuV V protein could
prevent subsequent C protein interaction with Stat1. MEF
extracts were mixed with BSR T7 extracts containing
either none, a 1, or a 2 amount of MuV V protein for
1 h at 20°C to allow V/Stat1 complex formation. Other
BSR T7 extracts containing GFP-C (or GFP-CF170S as a
FIG. 6. Prebinding of MuV V protein to Stat1 prevents subsequent
binding of SeV C protein. (A) Cytoplasmic extracts of MEFs were mixed
with those of BSR T7 cells in which GFP fused to the amino-terminus
of the wild-type SeV C protein (GFP-C) or the F170S mutant (GFP-
C(F170S)), or the HA-tagged SeV V proteins were expressed by trans-
fection. The mixed extracts were precipitated with anti-GFP plus anti-
HA, and the precipitates were Western blotted with anti-Stat1. (B)
Cytoplasmic extracts of MEFs were mixed with those of BSR T7 cells
containing various relative amounts of the MuV V protein as indicated
(0  nontransfected BSR T7 extract; 2  transfected extract, and 1
 an equal mixture of the two). After 1 h at 20°C, other BSR T7 extracts
containing either GFP-C or GFP-C(F170S) were added, and after a
further 1 h the mixed extracts were precipitated with anti-GFP and the
amount of Stat1 present was estimated by Western blotting. Lane 5
shows the amount of Stat1 proteins present in 10% of the starting BSR
T7 extract used for the immunoprecipitates in Lanes 1–4. The GFP-C
and GFP-C(F170S) BSR T7 extracts contained equivalent amounts of
GFP fusion protein (not shown).
96 NISHIO ET AL.
negative control) were then added and after a further 1 h,
the samples were precipitated with anti-GFP and the
amounts of Stat1 recovered were estimated by Western
blotting. As shown in Fig. 6B, increasing amounts of the
MuV V protein containing BSR T7 extract increasingly
interfered with the subsequent C protein interaction with
Stat1. The MuV V and SeV C proteins thus appear to
interact with a similar region of Stat1, as the prebinding
of one prevents the subsequent binding of the other. At
this stage, however, one cannot rule out the possibility
that that this interference is indirect, i.e., that V binding to
Stat1 induces a conformational change in Stat1 that is
responsible for the loss of subsequent C/Stat interaction.
DISCUSSION
SV5, SV41, and MuV infections all lower Stat1 levels,
whereas hPIV2 lowers Stat2, and this difference is con-
sistent with how these rubulavirus infections interfere
with IFN and IFN signaling. However, when the MuV
and hPIV2 V proteins were examined for V/Stat complex
formation by coimmunoprecipitation, both V proteins un-
expectedly associated with both Stat1 and Stat2. More-
over, both V proteins also associated with Stat3, which
was included in the study as prospective negative con-
trol. The association of the MuV V protein with the three
Stat proteins nevertheless appears to be specific, in that
it requires two trp residues of a trp-rich motif (W5/W9/
WCNP22) that vaguely resembles a WW protein/protein
interaction domain (Sudol and Hunter, 2000). In contrast,
V/Stat complex formation in vitro does not appear to
require an intact Zn-binding cys cluster that vaguely
resembles a RING domain (both contain seven cys that
coordinate two Zn atoms) that is also notorious as a
protein/protein interaction domain (Zheng et al., 2000).
Many RING finger proteins have recently been found to
be components of ubiquitin-ligase complexes and to
function by controlled degradation of specific target pro-
tein (Freemont, 1993, 2000). There may be two different
protein interaction domains in the carboxyl segment of
the rubulavirus V proteins: one that mediates Stat protein
interaction and the other that mediates Stat degradation.
For SeV, a respirovirus, the V protein does not counteract
IFN signaling (Garcin et al., 1999), nor interact with Stat1
in vitro (Fig. 6A). SeV V nevertheless counteracts some
aspect of the innate immune response during infection of
mice (Kato et al., 1997; Delenda et al., 1998), and muta-
tional analysis has shown that the cys cluster is clearly
critical for this effect (Huang et al., 2000). The SV5 V
protein cys cluster is similarly thought to be required for
V interaction with UV/DBP and possible cell-cycle control
(Lin and Lamb, 2000). It will now be of interest to exam-
ine the relative importance of the trp- and cys-rich motifs
of the rubulavirus V proteins in preventing IFN signaling
and Stat protein degradation.
Although MuV V/Stat1 interaction in vitro requires a
specific carboxyl segment, i.e., one that contains the
W5/W9/WCNP22 motif, we were surprised that the V pro-
tein appeared to interact equally with Stat1, 2, and 3. The
SeV C proteins also associate with Stat1 in the mixed-
extract assay, but their association with Stat2 or Stat3, in
contrast, is just above the level of detection in some
experiments, and absent in others (data not shown).
Stat1, 2, and 3 are part of a family of seven latent mam-
malian transcription factors that are structurally and
functionally related (Darnell, 1997). They are activated by
phosphorylation of a single tyrosine in the carboxyl end
of the molecule, homo- or heterodimerized via reciprocal
SH2 domains, and migrate to the nucleus where they
recognize specific elements in the promoters of genes
and activate transcription. Stat proteins are subsequently
thought to be inactivated by dephosphorylation and re-
turned to the cytoplasm; their activity is not normally
thought to be controlled by degradation (Haspel et al.,
1996). The SH2 domains of Stat1, 2, and 3 are also
functionally compatible, as Stat1 can heterodimerize with
both Stat2 and Stat3 (Bromberg, 2001). It is not impossi-
ble that common features of Stat1, 2, and 3 are recog-
nized by the rubulavirus V proteins, at least in the mixed-
extract assay. Nmi-1 and CBP/p300, two cellular regula-
tors of transcription, bind to the same region of most
Stats (Horvath, 2000). If the amino-terminal segment of
the rubulavirus V proteins also binds to Stat (the carboxyl
segment is never expressed by itself), then V might
interact with Stat via both amino-terminal and carboxyl
segments. However, whether these interactions also
take place in vivo remains to be determined, e.g.,
whether there is evidence of impaired Stat3 signaling
during rubulavirus infections.
If the MuV and hPIV2 V proteins associate with both
Stat1 and Stat2, then why does only the former only lower
Stat1 levels and vice-versa? How this might occur is
unknown, but there is a precedent close at hand that may
be germane. All four SeV C proteins bind Stat1 and
interdict IFN signaling in reporter gene assays. However,
only the longer C proteins prevent the IFN-mediated
antiviral state and virus-induced apoptosis during infec-
tion (Garcin et al., 2002). Moreover, only the longer C
proteins induce Stat1 ubiquitination and instability during
infection (Garcin et al., 2002). This suggests that the
binding of Stat1 and its turnover are separable events for
SeV C protein, and this may also be the case for the
rubulavirus V proteins. As the determining step in protein
degradation/ubiquitination is generally its association
with an ubiquitin ligase (Hershko and Ciechanover,
1998), we suggested that only the longer C proteins
might act as connectors to a cellular ubiquitin ligase,
presumably via their amino-terminal extensions. By anal-
ogy, it is possible that the MuV and hPIV2 V proteins bind
both Stat1 and Stat2, but only the MuV V/Stat1 interaction
leads to further interaction with an ubiquitin ligase, and
vice-versa, thus accounting for the specificity of Stat
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degradation. Part of this hypothetical ubiquitin–ligase
connection site might also be located in the amino-
terminal segment, as a mutation in this region of the SV5
V protein (N100D) determines anti-IFN activity in murine
cells (Young et al., 2001).
As mentioned above, respirovirus C proteins and the
amino-terminal segments of rubulavirus V proteins (up to
the editing site) are similar in size and overall charge,
and there is also very limited sequence conservation.
However, there are no obvious similarities between
these related C-like polypeptides and the carboxyl seg-
ment of V. Nevertheless, the MuV V protein and SeV C
proteins both bind to Stat1 and the binding of MuV V to
Stat1 can interfere with the subsequent binding of SeV C.
There are three possible explanations for this interfer-
ence: (1) SeV C and the carboxyl segment of V bind to
different surfaces of Stat1, but V interaction alters sub-
sequent C interaction allosterically. (2) C and V bind to
the same surface of Stat1, even though these polypep-
tides appear to be unrelated structurally. (3) It is also
possible that the carboxyl segment of V binds to a site
adjacent to that bound by SeV C, and that the “C-like”
amino-terminal segment of V, once tethered to Stat1 via
the carboxyl segment, interacts with the adjacent SeV
C-binding site and interferes with subsequent SeV C
association with Stat1. This latter possibility is appealing,
as the presence of Stat binding domains on both the
amino-terminal and the carboxyl segments of the rubu-
lavirus V proteins, together with the advent of mRNA
editing, would have facilitated the evolution of these
paramyxoviruses into their present genera. As MuV NS2
does not associate with Stat, V/Stat interaction in vitro,
similar to anti-IFN signaling activity in vivo, requires the
carboxyl segment of V. A recombinant hPIV2 in which the
carboxyl segment of V is closed by a stop codon (and
thus expresses NS2 instead of V) is hypersensitive to IFN
action (Kawano et al., 2001).
MATERIALS AND METHODS
Expression plasmids and transient transfections.
The MuV (Belfast strain) V, NS2, and P genes were
obtained from Bert Rima (Belfast) and the previously
described hPIV2 V and P genes (Nishio et al., 1996) were
cloned into the NcoI (start codon) and EcoRI sites of
pTM1, which contains a T7 promoter and an EMCV IRES
(Moss et al., 1990). Mutant and chimeric V proteins were
prepared by PCR mutagenesis, and all constructs were
confirmed by sequencing. For transfections, 200,000 BSR
T7 cells (that express T7 RNAP) (Buchholz et al., 1999)
were plated in 3.5-cm six-well plates 20 h before trans-
fection with 3 g pTM1-V DNA and 5 l of Fugene
(Roche) according to the manufacturer’s instructions. Af-
ter 24 h, the cells were harvested and treated as de-
scribed below.
Cell extracts
MEFs in 10-cm dishes were scraped into their medium
and pelleted by centrifugation (5 min at 5000 rpm in
Eppendorf). Cell extracts were prepared by vortexing the
cell pellet with 600 l lysis buffer containing 0.5% NP-40,
50 mM Tris–Cl, pH 7.4, 150 to 250 mM NaCl, 10 mM
EDTA, 3 g/ml aprotinin, and 1 mM AEBSF. The disrupted
cells were then centrifuged at 13,000 g for 2 min and the
cytoplasmic supernatant was used for immunoprecipita-
tion.
Antibodies and coimmunoprecipitation
Equal volumes (150 l) of MEF and BSR T7 cytoplas-
mic extracts were combined and incubated for 1 h at
20°C. One of the following antibodies (1 l or 1/300
dilution) was then added; a mouse monoclonal antibody
to Stat1 carboxyl-terminus (Transduction Laboratories,
S21120); Stat2 (Santa Cruz, sc-1668), Stat3 (Santa Cruz,
sc-7179), a mAb (84-1A) to the amino-terminal region of
hPIV2 P protein (Nishio et al., 1997), a rabbit polyclonal
antibody (T61) to a peptide from the amino-terminal re-
gion of MuV P protein (K. Takeuchi, Tokyo), rabbit poly-
clonal antibody to GFP (Clontech), or anti-HA. After a
further 1 h at 20°C, protein A-Sepharose beads were
added and the mixture was kept at 4°C overnight. The
beads were then washed three times in lysis buffer
containing 250 mM NaCl, and the remaining proteins
were solubilized in protein sample buffer and separated
by SDS–PAGE (10 or 15%). The gels were then blotted
(semidry) onto nylon membranes and detected using one
of the various primary antibodies listed above. The sec-
ondary antibodies used were alkaline phosphatase con-
jugated goat antibodies specific for either rabbit or
mouse immunoglobulin G (Bio-Rad). The immobilized
proteins were detected by light-enhanced chemilumines-
cence (Bio-Rad).
Note added in proof. Parisien et al. (J. Virol. 76, 4190–4198, 2002)
have recently reported that the SV5 and hPIV2 V protein both bind Stat1
and Stat2, and that the selective degradation of each Stat protein is
dependent on the presence of the other Stat protein.
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